In various conceptual models, the shape parameter (β) of the storage capacity curve, representing the non-linear relationship between relative soil moisture and runoff, determines runoff yield given certain circumstances of rainfall and antecedent soil moisture. In practice, β is typically calibrated for individual catchments and for different purposes, which limits more systematic understanding and also prediction in ungauged basins. Moreover, its regionalization and linkage to catchment characteristics is also not well understood, especially in relation to large-sample datasets. In this study, we used 404 catchments in the USA to explore β regionalization and attributes in relation to key catchment characteristics: elevation, slope, depth-to-bedrock, soil erodibility, forest cover, urban area, aridity index, catchment area, and stream density. We found a clear regionalized pattern of β, coherent with topography. Comparisons between β and various features demonstrated that slope has the largest impact. Land-cover, soil, geology, and climate also have an impact, but with lower correlation coefficients. This finding not only reveals spatial variation in β, but also deepens our understanding of its linkage to catchment features and flood flows. Moreover, the results provide a useful reference for decision-makers for flood prevention and mitigation.
INTRODUCTION
. All these models have demonstrated good performance in streamflow simulation in many catchments (Singh & Woolhiser ) . The Xinanjiang, HBV and GR4 J models apply a conceptual storagecontributing area relationship to estimate the event runoff yield. The TOPMODEL assumes that topography determines the relation of storage-contributing area, and Dynamic Topmodel improves this idea by including landscape information (Beven & Freer ) .
The amount of rainfall and the antecedent soil moisture are two essential variables to determining the amount of runoff in SEF-type conceptual models. However, it should be noted that different catchments will likely generate different amounts of runoff even with the same amount of rainfall and precedent soil moisture, due to the different spatial distribution of unsaturated storage, which is controlled by land surface features. Many efforts have been made to study the impacts of extreme precipitation events and antecedent soil moisture on flood peak flows (Blöschl et al. ;
Berghuijs et al. ), however, very few studies have systematically explored the influence of various catchment land surface features (except for land cover, see Andréassian ; Blöschl et al. ) on flood flows. In conceptual hydrological models, such as Xinanjiang, HBV, and GR4 J, catchment features are expressed by two essential parameters: the root zone storage capacity (S uMax ) and the shape of the storage capacity curve (often termed β). The former was found to be controlled by climate (Gao et al. a) , and determines the long-term runoff coefficient and evaporation. The latter reflects the spatial distribution of the storage capacity (Zhao ; Sivapalan & Woods ), and determines the peak flow given the amount of rainfall and antecedent soil moisture. As a result, the shape of the storage capacity curve is useful in estimating the amount of runoff yield and more importantly, the flood peak flow.
Further details about the shape of the root zone storage capacity curve β are given below in Methodology: Storage capacity curve and flood.
Parameter regionalization is an approach to understanding the spatial distribution of parameters (Merz & Blöschl ; Kling & Gupta ) and the correlations between optimized parameter values and catchment physical features (Samaniego et al. ) . Undertaking parameter regionalization is not only beneficial for understanding the linkages between parameters and catchment features, but also helpful in predicting hydrological processes in ungauged basins (Hrachowitz et al. ) . However important questions remain. For example, the β parameter was hypothesized to be determined by topography and geology (Zhao et al. ) , but Sivapalan & Woods () found that soil depth distribution also plays a determinative role in β estimation. Therefore, further studies are required to explore the spatial distribution pattern of β, and its linkage to the physical features of catchments. will be used in this study.
In this study, the Xinanjiang storage capacity curve (Zhao et al. ; Liang et al. ) , widely used in hydrological and land surface modelling, was coupled with the FLEX model framework (Fenicia et al. ; Gao et al. b; Gharari et al. ) . This approach was applied to simulate the hydrological processes of the large-sample MOPEX catchments, and to calibrate the β parameter which determines the flood peak flow given certain soil moisture conditions. Subsequently, correlations between β and typical catchment characteristics were explored. These included topography, soil hydraulic characteristics, climate, vegetation cover, urban area, geology (soil depth to bedrock), basin area and area of impermeable surfaces. We Thirty-four catchments with short streamflow observations (less than 3 years of continuous streamflow data) were excluded, while the remaining 404 catchments were used in this study. Among these catchments, rainfall-runoff flooding is the dominant flood/runoff generation mechanism, but snowmelt-runoff flooding also occurs (Berghuijs et al. ) .
Temperature data were used to estimate snowmelt and its potential evaporation. Precipitation and calculated potential evaporation are the two major input forcings for the rainfallrunoff model. Daily streamflow was used to calibrate the free parameters in the hydrological model. Further details of the modelling process are given later in section Methodology: Storage capacity curve and flood.
Landscape datasets
Various types of landscape information have been collated and further details are provided below and in Table 1 . (Table 1) . Table 2 , while the equations are given in Table 3 . A more detailed description of the model structure can be found in Gao et al. (b) . The FLEX model has a total of 10 free parameters to be calibrated that are shown in red in Figure 2 .
In Figure 2 , precipitation (P) is split into snowfall (P s ) and rainfall (P f ) based on threshold temperature (T t ). Snowmelt is calculated based on the temperature-index method, using degree-day factor (F DD ). Rainfall is intercepted by an interception reservoir (S i ) with a capacity parameter I max (mm). P e (mm d À1 ) is the effective rainfall to soil surface.
The unsaturated reservoir (S u ) is used to split the P e (mm 
Storage capacity curve and flood
The Xinanjiang storage capacity curve applied in the FLEX model was used to calculate the runoff generation The function for the storage capacity curve (see also Equation (7)), is written as:
where f (L 2 ) indicates the saturated/contributing area, and
is the entire catchment area, f/F (À) is the fraction of saturated contributing area, and S u (mm) indicates soil moisture. There are two parameters (S uMax and β) in the 
Interception reservoir
Splitter and Lag function a simple rectangular bucket, and no runoff will be generated until the rectangular bucket is full. Therefore, there is no runoff yield in this case because the rectangular bucket is not saturated, even after 20 mm rainfall. If β is larger than 0 and less than 1, the storage capacity curve will be a convex curve, which indicates that most runoff will be The S uMax is set as 100 mm, with antecedent soil moisture (S u ) as 50 mm.
infiltrated and runoff generation is limited when soil moisture is low. In this case, flat peak flow is generated, as shown in the right panel of Figure 3 . If β is larger than 1, the storage capacity curve will become a concave curve, which means the fraction of runoff to rainfall is much larger than the case of β with smaller values. In this condition, the shape of flood hydrograph will be higher, thinner and sharper (Figure 3) . In summary, Figure 3 demonstrates that the β parameter significantly affects the runoff response to rainfall, including the flood volume and the flood peak flow. Therefore, we can use the β value, as a lumped parameter, to quantify the storm-flood response.
More specifically, the catchments with higher β values are more likely to generate floods with larger flood volumes and sharper and thinner flood hydrographs, and vice versa. (I KGE ) was used as an objective function for calibration and the criteria to evaluate model performance (Equation (20)). 
Model evaluation and parameter optimization
I KGE ¼ 1 À ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi (r À 1) 2 þ (α À 1) 2 þ (ε À 1) 2 q(
The β values of the MOPEX catchments
The β value of each catchment was optimized and calibrated for each of the 404 MOPEX catchments and for each, the averaged β value on all Pareto-frontier parameter sets was regarded as the β of that catchment. In Figure 6 , the β value of each catchment is shown together with the slope map. The β values exhibit a strong spatial distribution pattern in the 404 MOPEX catchments, and generally, the β parameter has a strong positive correlation with slope. Figure 6 clearly Further research is therefore needed to explore the relation between forest cover and flood peak flow.
In contrast, the calibrated β parameter has a negative correlation with the soil erodibility factor (K factor), aridity index, the depth to bedrock and catchment area. Specifically, soils with a low K factor are very likely those with a higher proportion of clay and less detachment, which are prone to reduce infiltration and generate higher and sharper flood peak flows. The aridity index, representing climate, 
Implications and limitations
This research highlights the impact of topography on flood peaks. Globally, mountain flooding is an increasing risk to human populations, as settlement in these areas increases However, it should be noted that there are several limitations in our current study that should be addressed in further studies. Only nine catchment attributes were considered in this study, and further attributes should be explored in future research. In addition, for each of the considered features we used a single value (catchment-average) to represent each catchment in this study, and neither the variation nor the spatial distribution of corresponding features (e.g. distribution pattern of topography, vegetation and soil texture within catchments) were taken into account.
How these spatial distribution patterns could be represented should be investigated further.
SUMMARY
In this study, we used the MOPEX dataset encompassing 
